Abstract-Vibration signal analysis is the most common technique for helicopter health condition monitoring. It has been widely employed to detect helicopter gearbox fault and ensure the safe operation. Through the years, vibration signal analysis has a significant contribution to successfully prevent a number of accidents. However, vibration based bearing identification remains a challenge because bearing defects signatures are contaminated by strong background noise. In this paper, the independent component analysis (ICA) scheme was utilized to analyze vibration signals captured from a CS29 Category 'A' helicopter main gearbox, where bearing faults were seeded on the second epicyclic stage planetary gears bearing. The ICA scheme could separate the multichannel signals into the mutually independent components. The bearing defect signature can be clearly observed in one of the independent components. The analysis result showed that ICA scheme is a promising method for detecting the bearing fault signatures.
I. INTRODUCTION
H ELICOPTER has been widely used in military and civilian because of its special flight capability, such as vertical take off, hover in midair, and even flying backwards and sideways. During flight, main gearbox (MGB) converts the engine power from high speed and low torque to low speed and high torque to drive the main rotor blades to generate lift. The MGB also drives other critical accessories on the helicopter for example, tail rotor, electrical generators, hydraulic pumps and oil lubrication pumps via the accessory drive modules. MGB suffers from high temperature and stress as a substantial amount of frictional heat is generated. Unlike jet aircraft, there is not redundant transmission system in helicopter. Hence, the The research is conducted under the project contract European Aviation Safety Agency (EASA), EASA.2014.OP. 15 , entitled "MGH -HELICOPTER MAIN GEARBOX HEALTH". malfunction of the MGB can cause serious disaster and loss of human life.
The helicopter health and usage monitoring systems (HUMS) have been introduced since 1980s. The core components are monitored by various sensors located around the aircraft. Information collected from sensors is utilized to display operation condition, trigger alarm and create maintenance activity. Although it has been shown the enhanced safety and improved maintenance efficiency by using HUMS, the recent incidence reveals the limitation and low efficacy of HUMS [1] . Furthermore, there is a recent trend of switching from schedule maintenance to condition based maintenance to reduce maintenance cost [2] . Therefore, it is vital for extracting mechanical fault-related features from the sensor signals.
Over years, great efforts have been spent to make high sensitive and robust sensors as well as develop high accurate and efficiency signal processing methods. Vibration sensor (typically accelerometer) is one of the commonly used sensors in monitoring shafts, bearings and gears within gearbox. Ideally, the vibration signals are processed and then features or fault patterns are extracted to detect defects in the shafts, gears or bearings. In reality, accelerometer is normally mounted on the gearbox housing. The noise level of the acquired vibration level could be high if the bearing or gear of interest is located deep within the housing and the signal is usually attenuated and contaminated. Although a few wireless vibration sensors have been proposed in order to attach sensor on the monitored component, the cost of these sensors are high and efficacy of these sensor needs to be further examined [3] , [4] . On the other hand, various signal process methods have been employed to extract fault-related features from captured signals, from the basic FFT to more advanced methods, just name a few, empirical mode decomposition (EMD) [5] , enhanced Kurtogram [6] , wavelet transform [7] and independent component analysis (ICA) [8] in time domain, frequency domain and/or time-frequency domain. In [8] , three vibration sensors were attached to a gearbox with two gears. ICA was utilized to detect a broken tooth gear from recorded vibration signals.
In this study, the helicopter main gearbox has several gears and bearings, which is significantly more complex that what has been tested with ICA hitherto. As such the detection of faults are more challenging and this paper presents the use of ICA for such diagnosis. In our previous research, helicopter MGB fault was diagnosed based on signal from a single vibration sensor [9] or acoustic sensor [10] . In [9] , the empirical mode decomposition (EMD) scheme was utilized to decompose a vibration signal into a number of intrinsic mode functions (IMFs) in time domain. Then, each IMF was converted from time domain to frequency domain to reveal fault related feature. The acoustics emission (AE) technology was also employed to identify bearing faults due to the high sensitivity to friction offered by AE [10] . Since AE signal suffers from severe attenuation and reflections, a wireless transmission system was designed to allow attaching wireless AE sensor directly on the monitored gear. In these two studies, the bearing fault was seeded by machining a relative larger and deep slot on bearing. Meanwhile, the bearing was under high loading level. The severe defect surface and high loading level made fault detect relative easy. In order to investigate the feasibility of detecting early stage bearing defect, the seeded fault was machined on a small area and bearing worked on low loading level in this study. It was difficult to detect bearing defect by using signal for a vibration or AE sensor under the condition of low loading level and small defect. Hence, multiple vibration sensors were attached on a helicopter MGB case to detect outer race defect seeded at 2nd epicyclic planetary bearing. ICA scheme was employed to separate sources from vibration signals collected from sensors. It has been used for separating the multichannel signals into the mutually independent components and has been successfully applied in many fields, such as, mechanical faults diagnosis [11] , [12] , face recognition [13] and biomedical signal processing [14] . Since the vibration sources are statistically independent to each other, it is feasible to separate these sources from mixed vibration signals from sensors. In practice, it is difficult to separate all vibrate sources in MGB which consists of several gears and bearings. Nevertheless, it is relative easy to extract fault-related feature from signal which has less vibration sources and low noise level. The experimental result showed that bearing outer race defect (ORD), which is an indicator of bearing fault, was observed in one of the independent components separated by ICA.
The paper is arranged as follows. The ICA Scheme is firstly introduced in Section 2, following by the experimental rig in Section 3. Experiment results are discussed in Section 4. Section 5 summarizes the contributions of this paper.
II. INDEPENDENT COMPONENT ANALYSIS
ICA was originally developed to deal with the problem of blind source separation (BSS). It has been used to separate a set of source signals from a set of mixed signals without knowing the source signals or the mixing process. ICA accomplishes the separation relying on the assumption that the sources are statistically independent. Considering the source signals in vector form s = [s, ...,
T were generated by mixing the sources by a mixing matrix A. The general ICA model using vector-matrix form is x = As.
ICA seeks a separating matrix W , which can recover estimated sources
In practice, it is not possible to determine a matrix W which is exactly equal to A −1 . We can only find a estimator that gives a good approximation. For all independent component analysis (ICA) methods, the general approach is similar, i.e. a contrast function is defined and then optimized to obtain the optimal separation between sources. Over years, many ICA methods have been developed with different contrast function and optimization methods. For example, FastICA maximizes the non-Gaussianity using an approximation for negentropy through a fixed-point iteration scheme [15] ; the InfoMax method maximizes the output entropy of a neural network with nonlinear outputs [16] ; the second Order Blind Identification (SOBI) is based on assumption that the acquired data is generated from a set of temporally correlated sources and separates them by joint diagonalisation of several correlation matrices [17] . Compared with other ICA methods, FastICA has the advantage of fast convergence and low computation cost. FastICA has been used previously for machine fault diagnosis [18] , [19] , [11] . FastICA is based on a fixedpoint iteration scheme for finding a maximum of the nonGaussianity of w T x [20] , where w is the vector that makes up the row vector of matrix W ; w T is the transpose of w. More precisely, w can be obtained by using approximate Newton iteration [15] 
where w * denotes the new value of w; µ is a step size parameter that may change with the iteration count, E {.} is the mathematical expectation; g(.) is the derivative of
The selection criteria of G and recommended contrast functions can be found in [15] .
Usually, the FastICA scheme includes two steps, reprocessing observations and extracting independent components. The flowchart of the algorithm is shown in Fig. 1 and described as follows, 1) Recorded signal x is reprocessed by centering and whiting. This processing is to simplify the ICA algorithm by ensuring that the new generated components are uncorrelated and their variances equal unity; 2) Generate matrix W (0) with random numbers;
Recorded signal x
Reprocess by centering and whiting x
Generate matrix (0) with random numbers W Calculate ( ) using equation ( 3) Calculate W (k) using equation 3; 4) Calculate the difference between W (k − 1) and W (k)
If the difference is smaller than threshold ε or the iteration number k is larger than a given value M , the program stops and outputs the calculated independent components. Otherwise, the program goes to step 3.
III. EXPERIMENTAL RIG
The experiment was conducted on a CS29 Category 'A' SA 330 Puma helicopter MGB. The MGB consists of five reduction gear modules (RGMs), forward (Fwd) RGMs and after (Aft), left hand (LH) and right hand (RH) RGMs, main RGM and 2-stage epicyclic (Epi) RGM, as shown in Fig. 2 . The 2-stage Epi RGM were drove by bevel gear. The first and second stage contains 8 and 9 planets gears, respectively. Through these five RGMs, MGB converts the engine power from low torque and high speed to high torque and low speed to drive the main rotor, tail rotor and accessory systems. Fig. 3 (a) and (b) show the external view of the MGB and 2-stage Epi RGM, respectively. The MBG was powered by two electric motors simulating dual power input via speed increasing gear boxes. The input speed to the main gearbox was 16000 rpm. An absorption dynamometer was utilized to create loading on the MGB. The absorption dynamometer used air pressure to generate a clamping force between the rotating drive plates driven by the output shaft of the MGB. The loading level was adjusted by changing the air pressure on the clamping plates. The defect was seeded on one of the planetary gear bearing outer race of the second stage Epi RGM, as shown in Fig. 3(c) . The damage was simulated by machining a rectangular slot across the bearing outer race with length, width and depth of 10 mm, 4 mm and 3 mm, respectively.
The vibration signals were collected by two PCB triaxial accelerometers (356A32/NC, 100 mV/g) and one single axial accelerometer (352C33, 100 mV/g). Two triaxial accelerometers were located at Fwd RGM and Epi RGM, respectively. The signal axial accelerometer was located at Epi RGM as well. They were as close as possible to the second stage Epi RGM. The accelerometers were connected to a NI cDAQ-9188XT CompactDAQ data acquisition chassis and signals were acquired at 25.6 kHz sampling rate.
IV. EXPERIMENT RESULTS AND DISCUSSION
Under bearing outer race defect condition, when one of the bearing balls passes a defect on the outer race, the ball impacts on the defect causing a periodic vibration. The vibration signature can be collection from vibration sensor attached on the MGB case. The defect signature, i.e. the bearing ORD frequency f ORD , can be calculated using the equation
where N = 13 is the number of rollers; S = 787 rpm is planet gear speed of the second stage Epi RGM w = 12.5 mm is the diameter of roller; D = 63.65 mm is the pitch diameter and α = 0 is the nominal contact angle. The calculated f ORD is equal to 68.55 Hz.
The first experiment was conducted under damaged planet bearing condition. The vibration signals were recorded in 18 seconds. Fig. 4 shows a section of recorded vibration signals from the triaxial accelerometer located at Fwd RGM. The vibration signals and noise are independent and nonGaussian signals, which satisfies the requirement of ICA scheme. The sensors signals, as observations x, were separated by ICA scheme described in Section 2. Then, the output independent components s were transferred from time domain to frequency domain. Figs. 8 and 9 show the frequency spectrum of independent components separated by Fast-ICA. Some mixing frequencies can be observed in the separation. In theory, the number of observations x should be larger than number of source s. However, it is impractical to have more accelerometers than vibration sources in MGB due to the complexity of MGB. Therefore, the vibration signals collected from three accelerometers can be only used to extract vibration sources as more as possible. Although there is still some mixing presented in the separation, the analysis illustrates that the defect related feature f ORD of 68.55 Hz was separated from the mixtures. Frequency spectrum of independent components under healthy condition was separated using the same methods and were shown in Figs. 10 and 11. There are some inherent frequency components (e.g. 56, 72, 84 and 93 Hz) existing in both healthy condition and damaged condition. The bearing ORD frequency f ORD does not appear at the frequency spectrum of independent components under healthy condition. Therefore, the frequency component f ORD can be used as an indicator for the bearing outer race defect.
V. CONCLUSION
This paper proposed a method of using ICA scheme to extract fault-related features from multi channel vibration signals. A defected was seeded on the 2nd epicyclic planetary bearing outer race of a helicopter MGB to verify the efficacy of the proposed method. Two triaxial and one single axial accelerometers were attached on the case of the MGB to recorded vibration signals. Since there were multiple vibration sources in the MGB, the recorded vibration signals were mixture of different vibration sources and noise. The fault related features was submerged in the mixture signals and the bearing ORD frequency f ORD cannot be observed in the any recorded vibration signals frequency spectrum. The vibration sources were separated from recorded vibration signals by using FastICA. Although there is still some mixing presented in the separated independent components due to the limited number of vibration sensors, the defect related feature f ORD of 68.55 Hz was clearly observed in one of the separated independent components. In addition, the experiment on the healthy bearing confirmed that the defect related feature f ORD can be used as a indicator for bearing outer race defect.
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Reviewer 1: Overall this paper presents the application of independent component analysis to analyze vibration signals captured from a CS29 Category A helicopter main gearbox.
a) The author has used existing independent component analysis method to identifying the Main Gearbox Bearing Defect in the helicopter. Reply: Independent component analysis has previously been utilized for gearbox defect detection, however, in most studies the gearbox has been relatively simple, only consisting of a couple gears and/or bearings. In our experiment, the helicopter main gearbox has several gears and bearings, which is significantly more complex than what has been tested with ICA hitherto. As such the detection of faults are more challenging and this paper presents the use of ICA for such diagnosis.
b) The method which is used in the paper is already existing and the contribution of the paper is totally application orientated. There is no technical contribution by the author in the paper. Reply: Helicopter main gear box is one of the most critical parts of helicopter. The malfunction of main gear box can cause serious disaster due to the lack of redundancy of transmission systems in the helicopter. Most importantly, the helicopter main gear box is a complex structure, including multiple gears and bearing, which makes fault diagnosis a challenging task. Hence, the main technical contributions of this paper include the experimental design configuration, sensor selection and location, and parameter selection for independent component analysis (ICA). The application of ICA to fault diagnosis on data from a helicopter gearbox is new. This paper provides researchers and practitioners with an insight into challenges and means for fault detection in a helicopter main gear box. c) Explicitly mention the platform on which experimentation is performed. Reply: Information on the experimental testing has been included in the revised paper as follows: The MBG was powered by two electric motors simulating dual power input via speed increasing gear boxes. The input speed to the main gearbox was 16000 rpm. An absorption dynamometer was utilized to create loading on the MGB. The absorption dynamometer used air pressure to generate a clamping force between the rotating drive plates driven by the output shaft of the MGB. The loading level was adjusted by changing the air pressure on the clamping plates. Figs. 8 and 9 show the frequency spectrum of independent components separated by Fast-ICA. Some mixing frequencies can be observed in the separation. In theory, the number of observations x should be larger than number of source s. However, it is impractical to have more accelerometers than vibration sources in MGB due to the complexity of MGB. Therefore, the vibration signals collected from three accelerometers can be only used to extract vibration sources as more as possible. Although there is still some mixing presented in the separation, the analysis illustrates that the defect related feature fORD of 68.55 Hz was separated from the mixtures. e) Caption of figures and references are recommended to be in proper IEEE PHM format. Reply: Caption of figures and references have been changed to IEEE PHM format. f) Proofread the complete paper before further submission is required since there are spelling mistakes for e.g. in the figure 1 spelling of reprocess and in section four second para use of figs. Reply: The paper has been checked thoroughly.
Reviewer 2: 1/Although, some previously used methods were discussed, an extensive literature review is required to discuss and highlight existing methods in time, frequency, and time-frequency domains, then a proposal is granted to solve these previous analyses limitations and shortcomings. Reply: Previous work has included as follows: Over years, great efforts have been spent to make high sensitive and robust sensors as well as develop high accurate and efficiency signal processing methods. The vibration sensor (typically accelerometer) is one of the most commonly used sensors in monitoring shafts, bearings and gears within gearbox. Ideally, the vibration signals are processed and then features or fault patterns are extracted to detect defects in the shafts, gears or bearings. In practice the accelerometer is normally mounted on the gearbox housing. The noise level of the acquired vibration level could be high if the bearing or gear of interest is located deep within the housing and the signal is usually attenuated and contaminated, essentially an arduous transmission path makes for a low signal-to-noise ratio. Although a few wireless vibration sensors have been proposed in order to attach the sensor on the monitored component, the cost of these sensors are high and efficacy of these sensor needs to be further examined [3] , [4] . On the other hand, various signal process methods have been employed to extract fault-related features from captured signals, from the basic FFT to more advanced methods, just name a few, empirical mode decomposition (EMD) [5] , enhanced Kurtogram [6] , wavelet transform [7] and independent component analysis (ICA) [8] in time domain, frequency domain and/or time frequency domain. In [8] , three vibration sensors were attached to a gearbox with two gears. ICA was utilized to detect a broken tooth gear from recorded vibration signals. In this study, the helicopter main gearbox has several gears and bearings, which is significantly more complex that what has been tested with ICA hitherto. As such the detection of faults are more challenging and this paper presents the use of ICA for such diagnosis. In our previous research, helicopter MGB fault was diagnosed based on signal from a single vibration sensor [9] or acoustic sensor [10] . In [9] , the empirical mode decomposition (EMD) scheme was utilized to decompose a vibration signal into a number of intrinsic mode functions (IMFs) in time domain. Then, each IMF was converted from time domain to frequency domain to reveal fault related feature. The acoustics emission (AE) technology was also employed to identify bearing faults due to the high sensitivity to friction offered by AE [10] . Since AE signal suffers from severe attenuation and reflections, a wireless transmission system was designed to allow attaching wireless AE sensor directly on the monitored gear. In these two studies, the bearing fault was seeded by machining a relative larger and deep slot on bearing. Meanwhile, the bearing was under high loading level. The severe defect surface and high loading level made fault detect relative easy. In order to investigate the feasibility of detecting early stage bearing defect, the seeded fault was machined on a small area and bearing worked on low loading level in this study. It was difficult to detect bearing defect by using signal for a vibration or AE sensor under the condition of low loading level and small defect. Hence, multiple vibration sensors were attached on a helicopter MGB case to detect outer race defect seeded at 2nd epicyclic planetary bearing. ICA scheme was employed to separate sources from vibration signals collected from sensors. It has been used for separating the multichannel signals into the mutually independent components and has been successfully applied in many fields, such as, mechanical faults diagnosis [11] , [12] , face recognition [13] and biomedical signal processing [14] . Since the vibration sources are statistically independent to each other, it is feasible to separate these sources from mixed vibration signals from sensors. In practice, it is difficult to separate all vibrate sources in MGB which consists of several gears and bearings. Nevertheless, it is relative easy to extract fault-related feature from signal which has less vibration sources and low noise level. The experimental result showed that bearing outer race defect (ORD), which is an indicator of bearing fault, was observed in one of the independent components separated by ICA.
2/A few grammatical, formatting, and mathematical expression errors. Reply: The paper has been checked thoroughly.
3/Not all the symbols used were explained properly, especially in the mathematical expressions. Reply: The explanation of symbols and mathematical expressions have been checked. 4/What is the core contribution(s) of this work? Combining two well known techniques is not a grantee for novelty. Authors must show novelty of the proposed method, a simple combination of techniques is not considered novel. Reply: Helicopter main gear box is one of the most critical parts of helicopter. The malfunction of main gear box can cause serious disaster due to the lack of redundancy of transmission systems in the helicopter. Most importantly, the helicopter main gear box is a complex structure, including multiple gears and bearing, which makes fault diagnosis a challenging task. Hence, the first technical contributions of this paper include the experimental design configuration, sensor selection and location, and parameter selection for independent component analysis (ICA). Independent component analysis has previously been utilized for gearbox defect detection, however, in most studies the gearbox has been a simple structure and only consists of a couple gears and/or bearings. In our experiment, the helicopter main gearbox has several gears and bearings, which is significantly more complex that what has been tested with ICA hitherto. As such the detection of faults are more challenging and this paper presents the use of ICA for such diagnosis. The application of ICA to fault diagnosis on data from a helicopter gearbox is new. This paper provides researchers and practitioners with an insight into challenges and means for fault detection in a helicopter main gear box.
5/What is the type of the outer race defect, i.e. periodic, nonlinear etc.? Reply: The type of the outer race defect is periodic. This is explained at the beginning of section IV. EXPERIMENT RESULTS AND DISCUSSION Under bearing outer race defect condition, when one of the bearing balls passes a defect on the outer race, the ball impacts on the defect causing a periodic vibration.
6/What is/are the benefit (s0 of using FastICA over similar method(s)? For example Jade or SOBI. Reply: The reviews concern is addressed and the following text has been added to the paper: For all independent component analysis (ICA) methods, the general approach is similar, i.e. a contrast function is defined and then optimized to obtain the optimal separation between sources. Over years, many ICA methods have been developed with different contrast function and optimization methods. For example, FastICA maximizes the nonGaussianity using an approximation for negentropy through a fixed-point iteration scheme [15] ; the InfoMax method maximizes the output entropy of a neural network with nonlinear outputs [16] ; the second Order Blind Identification (SOBI) is based on assumption that the acquired data is generated from a set of temporally correlated sources and separates them by joint diagonalisation of several correlation matrices [17] . Compared with other ICA methods, FastICA has the advantage of fast convergence and low computation cost. FastICA has been used previously for machine fault diagnosis [18] , [19] , [11] .
7/Are figures 8 and 9 used for the damaged case? Reply: Figures 8 and 9 are the bearing outer race defect (ORD) conditions. For clarity, Caption of figures 8 and 9 are changed to Fig. 8 Frequency spectrum of independent components (1-3) under ORD condition. Fig. 9 Frequency spectrum of independent components (4-7) under ORD condition.
8/How does the author(s) ensure that the bearing is damaged if the defect frequency does not dominate the spectrum? Reply: Normally, a threshold of the amplitude of the defect frequency is set to determine the limit of the bearing defect. A comparative analysis between good and fault condition is principally the means by which bearing damage is identified.
